Background and objectives Fibroblast growth factor 23 (FGF23) is an independent risk factor for mortality in patients with ESRD. Before FGF23 testing can be integrated into clinical practice of ESRD, further understanding of its determinants is needed.
Introduction
Disordered phosphorus metabolism is a common complication of kidney disease that contributes to the development of arterial calcification, myocardial hypertrophy, and endothelial dysfunction (1-3). Multiple observational studies have reported an independent association between hyperphosphatemia and mortality in patients with chronic kidney disease (CKD) and in the general population (4 -6) . However, isolated serum phosphate levels provide an imprecise assessment of disordered phosphorus metabolism because serum phosphate levels exhibit circadian and postprandial excursions of up to 1.0 mg/dl (7, 8) . Similar diurnal fluctuations have been reported in patients undergoing dialysis (9) . As a result, lower serum phosphate levels measured during daily nadirs can belie more severe derangements in overall phosphorus balance and thus, likely underestimate the actual risk attributable to disordered phosphorus metabolism. Translating observations of phosphate-related risk of cardiovascular disease and mortality into improved patient care requires more sensitive tools for risk stratification than the serum phosphate.
Emerging data suggest that combining serum phosphate levels with measurements of its primary hormonal regulator, fibroblast growth factor 23 (FGF23), may enhance assessment of phosphorus-related cardiovascular risk. FGF23 levels increase early in the course of CKD and help maintain normal serum phosphate levels despite reduced renal function (10) . Unlike parathyroid hormone (PTH), which is also involved in regulating serum phosphate but which fluctuates diurnally, in the context of meals, and acutely in response to changes in serum calcium, FGF23 levels exhibit minimal circadian and postprandial variation even in CKD (8, (11) (12) (13) . Prospective studies found elevated FGF23 to independently associate with mortality in incident hemodialysis patients, kidney transplant recipients, CKD stage 2 to 4, and individuals with a history of coronary artery disease (14 -17) . Furthermore, when directly compared with phosphate and PTH, FGF23 was the strongest predic-tor of adverse outcomes (14, 15, 17) . These data highlight the potential of FGF23 as a sensitive biomarker to help clinicians detect the presence of disordered phosphorus metabolism and perhaps, to more effectively discriminate risk of related adverse outcomes.
Before FGF23 can transition from research tool to biomarker for use in mainstream management of patients with ESRD, determinants of its marked interindividual variation in ESRD must be characterized. FGF23 levels in this setting are often the highest encountered in clinical practice, and levels can range from 10-to 1000-fold above the normal range. Chronic peritoneal dialysis is preferable to hemodialysis as a model to study determinants of FGF23 levels in ESRD because it is a form of renal replacement therapy in which a steady state is achieved. In addition, patients undergoing peritoneal dialysis often maintain some amount of residual renal function that is systematically quantified on a quarterly basis as part of standard care. Therefore, we used the peritoneal dialysis model to test our hypotheses that FGF23 levels would be greater in patients with longer dialysis vintage, reduced or absent residual renal function, and lower phosphate clearance and that short-term serial FGF23 measurements would exhibit less variability within individual patients over time than contemporaneous measurements of phosphate or PTH.
Materials and Methods

Study Population
We studied 67 consecutive patients aged 18 years or older who had been undergoing chronic peritoneal dialysis (continuous ambulatory peritoneal dialysis [CAPD] or continuous cyclic peritoneal dialysis) for the treatment of ESRD for at least 3 months at three participating institutions: University of Miami, Massachusetts General Hospital, and Vanderbilt University Medical Center. All willing participants were included; there were no exclusion criteria. The study protocol was approved by the human research committee at each institution, and all participants provided written informed consent.
Procedures
The study consisted of three or more consecutive monthly visits, which coincided with routine follow-up visits at the participating peritoneal dialysis clinics. Dialysate calcium prescription remained unchanged, and use of active vitamin D analogs, cinacalcet, and oral phosphate binders remained the same during the 3-month study period. The only changes to therapy that took place were switches in phosphate binder class in a minority of patients. We collected blood samples at all visits, and during the quarterly visits when dialysis adequacy was measured, we collected urine and dialysate samples from the 24-hour collections. A subset of 29 patients completed a single 4-day food record to estimate average daily dietary intake of phosphorus as analyzed by Nutrition Data System for Research, developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, Minnesota (18) .
Assays
Routine laboratory testing of blood, dialysate, and 24-hour urinary samples was performed by local laboratories using standard procedures. A central laboratory at the University of Miami measured urinary and dialysate concentrations of phosphate, plasma PTH, and FGF23. In an exploratory analysis, we also measured FGF23 in urine and dialysate samples in a subset of 10 participants with residual renal function who were selected based on their plasma FGF23 to be representative of the spectrum of blood levels in the study sample. Dialysate and 24-hour urinary phosphate concentrations were measured using standard autoanalyzers. We measured intact plasma PTH using a chemiluminescent immunoassay (Roche Diagnostics, Indianapolis, Indiana; coefficient of variation Ͻ3%) and measured plasma FGF23 using a secondgeneration C-terminal assay (Immutopics, San Clemente, California) in duplicate with a mean intra-assay coefficient of variation Ͻ5%. The upper limit of detection for this assay is 1500 reference units (RU)/ ml; samples greater than 1500 RU/ml required serial dilutions to obtain a measurement. We measured urinary and dialysate FGF23 levels using the same assay and methods. To ascertain whether pretest handling would affect stability of FGF23 and PTH measurements, we compared FGF23 measurements before and after storage and shipping and compared PTH measurements obtained locally within the context of clinical care with measurements obtained at a central research laboratory after storage and shipping. Both analyses yielded high correlation (Ͼ0.7), indicating that both PTH and FGF23 tests were minimally affected by pretest handling.
Calculations
We measured parameters of dialysis adequacy, including weekly total, renal and peritoneal Kt/V, and creatinine clearance, using standard methods (19) . We calculated normalized protein equivalent nitrogen appearance (nPNA) normalized to body weight (20) . We analyzed renal creatinine clearance (in ml/min per 1.73 m 2 ) as the measure of residual renal function. Presence of residual renal function was defined as renal creatinine clearance greater than zero. Anuric patients were defined as having zero residual renal function.
We quantified the daily phosphate removal by dialysis or urinary excretion (mg/d) as follows:
Total daily phosphate removal equaled the sum of daily peritoneal and renal phosphate removal.
Peritoneal and renal phosphate clearances (L/d per 1.73 m 2 ) were calculated as follows:
Total phosphate clearance equaled the sum of peritoneal and renal phosphate clearance. In the subset of 10 participants for whom dialysate and urine FGF23 levels were measured, we calculated peritoneal and renal FGF23 clearances (ml/min/1.73 m 2 ) as follows:
Statistical Analysis
We compared laboratory and clinical characteristics in patients with and without residual renal function using t test, Wilcoxon, or chi-squared tests, as appropriate. The distributions of FGF23, PTH, and dialysis vintage were right-skewed, requiring natural log (ln)-transformation. To assess the univariate relationships of serum phosphate, residual renal function, dialysis vintage, and phosphate clearance with lnFGF23, we examined scatter plots and Pearson's correlations. To determine if these associations were independent of demographics, laboratory values, peritoneal dialysis modality (CAPD or continuous cyclic peritoneal dialysis) and adequacy (Kt/V), and use of active vitamin D and phosphate binders, we used separate linear regression models with lnFGF23 as the dependent variable and residual renal function (dichotomous variable) and dialysis vintage (naturally log-transformed) as primary predictors. Next, we examined the within-subject range of variation for serum phosphate, PTH, and FGF23. For each marker, we calculated the intraclass correlation from estimates of between-subject ( 2 b ) and within-subject variance ( 2 w ), derived from mixed linear models, using the following formula: (21) . P values Ͻ0.05 were considered significant. Analyses were performed with SAS 9.2 (SAS Institute, Cary, North Carolina).
Results
Demographic, Clinical, and Laboratory Characteristics by Residual Renal Function
The study population consisted of 67 patients with mean (ϮSD) age of 47 Ϯ 14 years; 52% were men, 15% were black, and 51% were Hispanic. Hypertension and diabetes were present in 84% and 31% of participants, respectively. Active vitamin D and phosphate binders were being used by approximately 85% of participants. Residual renal function was present in 64% of participants, and the median dialysis vintage was 15 months. Differences in demographic, clinical, and laboratory characteristics between participants with (n ϭ 43) and without (n ϭ 24) residual renal function are shown in Table 1 . Patients with residual renal function had lower dialysis vintage and serum phosphate levels and used phosphate binders less frequently than anuric patients. Dietary phosphorus intake estimates trended higher in the patients with residual renal function, and the nPNA was significantly higher in this group compared with anuric patients. Despite greater total phosphate removal, the median FGF23 levels were 3.7-fold higher in patients without compared with those with residual renal function. PTH levels and use of active vitamin D analogs did not differ significantly between the groups.
Associations of Residual Renal Function, Dialysis Vintage, and Phosphate Clearance with FGF23
In unadjusted analyses (Figure 1 ), lnFGF23 correlated with serum phosphate (r ϭ 0.66, P Ͻ 0.001), residual renal function (r ϭ Ϫ0.37, P ϭ 0.002), and dialysis vintage (r ϭ 0.31, P ϭ 0.01). After adjusting for demographics, other mineral metabolites (serum albumin, calcium, phosphate, and PTH), dialysis adequacy (peritoneal dialysis Kt/V), peritoneal dialysis modality, and treatment with active vitamin D and phosphate binders, higher serum phosphate (␤ ϭ 0.50, P Ͻ 0.001), absence of residual renal function (␤ ϭ Ϫ0.89, P ϭ 0.03), and longer dialysis vintage (␤ ϭ 0.43, P ϭ 0.002) remained independently associated with higher FGF23 levels. Similarly, the log-linear relationship between lnFGF23 (on a continuous scale) and residual renal function (␤ ϭ Ϫ0.07, P ϭ 0.02) persisted among those with residual renal function after multivariable adjustment. Moreover, inclusion of both residual renal function and dialysis vintage together in the same multivariable model demonstrated that each was significantly associated with lnFGF23 in patients with residual renal function.
To explore whether intensity of phosphate clearance associated with FGF23 levels, we examined univariate associations between renal and peritoneal phosphate clearances and FGF23 in patients with residual renal function. In anuric patients, we correlated peritoneal clearance with FGF23 levels. As shown in Figure 1D , lnFGF23 correlated inversely with renal phosphate clearance (r ϭ Ϫ0.38, P ϭ 0.008) in patients with residual renal function. This relationship persisted after adjustment for demographic, laboratory values, peritoneal dialysis modality and adequacy, and treatment with vitamin D and phosphate binders. In contrast, there was no significant relationship between peritoneal clearance and lnFGF23 in patients with (r ϭ 0.02, P ϭ 0.92) or without (r ϭ Ϫ0.14, P ϭ 0.53) residual renal function.
FGF23 Clearance
In a subset of 10 participants with residual renal function (average renal creatinine clearance of 6.6 ml/min per 1.73 m 2 ) in whom we measured FGF23 levels in dialysate and urine, plasma FGF23 levels correlated strongly with urinary FGF23 (r ϭ 0.92, P Ͻ 0.001) and to a lesser extent with dialysate FGF23 (r ϭ 0.60, P ϭ 0.06). The median (interquartile range) renal FGF23 clearance was 0.2 (0.1 to 0.3) ml/min. The median (interquartile range) peritoneal FGF23 clearance was 0.8 (0.5 to 1.8) ml/min.
Variability of FGF23 versus PTH and Phosphate
Forty-four participants had 3-month repeated measurements of FGF23, PTH, and phosphate, and we used these values to quantify the components of variation for each mineral metabolite. Total variation is composed of the within-and between-subject variation, with the former further subdivided into analytic variation, arising from measurement error, and true biologic variation. For the three repeated tests of each of the markers of mineral metabolism, we first examined the within-subject mean and range of variation, rank-ordered by individual participants' means ( Figure 2 ). For FGF23 and PTH both the measured scale and ln-transformed values are shown. Compared with PTH and phosphate, the overall range of withinsubject variation was less pronounced for FGF23, and only became substantial at the highest values above the threshold when serial dilutions were required, and likely introduced greater analytic variation (Figure 2A , shaded areas). Table 2 presents the sources of variation in the three analytes and their intraclass correlations (ICC), which quantify the percentage of total variation explained by betweensubject variation. The remainder is explained by withinsubject variation. A high ICC indicates that most of the observed variability in a given assay is explained by be- tween-subject variation, implying greater stability within individual patients upon repeated measurements over time. In contrast, a low ICC implies that the within-subject variation is high and that repeated measurements in the same individuals over time will yield more disparate results. The ICC for FGF23 was significantly higher (based on nonoverlapping 95% confidence intervals [CI]) than for either PTH or phosphate, indicating that among the three, FGF23 had the largest component of variability explained by between-subject variation and thus, the lowest withinsubject variation of 10%. Moreover, when we repeated these analyses in participants in the highest quartiles of FGF23 and PTH values, we found that the ICC for FGF23 was 0.7 (95% CI: 0.3 to 0.9) and the ICC for PTH was 0.3 (95% CI: 0.2 to 0.5). This suggests that FGF23 measurements are more stable than PTH within-individuals even at the highest end of the spectrum of each.
Discussion
We confirm that FGF23 levels are markedly elevated in patients with ESRD and associate with hyperphosphatemia. The new findings of this study are that longer dialysis vintage and lower residual renal function and renal phosphate clearance are also important determinants of higher FGF23 levels. Interestingly, despite controversy surrounding what is the ideal FGF23 assay, FGF23 demonstrated significantly less within-subject variability over a 3-month period compared with contemporaneous PTH and phosphate measurements. This suggests that single measurements of FGF23 may provide a more accurate assessment of disordered phosphate metabolism than either marker currently in use clinically. When considered alongside reports of elevated FGF23 independently associating with increased risk of cardiovascular disease and mortality (14, 22) , these data lend further support in favor of using FGF23 testing as a stable biomarker of disordered phosphate metabolism.
Studies in patients with chronic kidney disease not yet on dialysis, transplant donors, and animal experiments all demonstrate that reduced kidney function is a leading determinant of FGF23 levels (23) (24) (25) . Although data on FGF23 levels in patients undergoing peritoneal dialysis are limited (11, 26, 27) , one report linked absence of residual renal function with higher FGF23 levels in children (26) . We report similar findings in adults and extend this observation by showing that among those with residual renal function, there is a continuous relationship between higher FGF23 and lower residual renal function and that longer dialysis vintage also independently associates with higher FGF23. These relationships were independent of other classic regulators of FGF23, including serum phosphate and use of active vitamin D and phosphate binders. Thus, in addition to differences in serum phosphate, differences in dialysis vintage and residual renal function contribute to the heterogeneity in FGF23 in the dialysis population.
Prior reports suggest that enhanced total phosphate clearance driven by residual renal function (28, 29) may reduce FGF23 secretion, leading to the lower FGF23 levels we observed in this group compared with the anuric patients. However, we found that the anuric patients had higher FGF23 levels but greater total daily phosphorus removal. We can speculate that more severe hyperphos- phatemia in this group maintained the concentration gradient for phosphate removal that drove their higher peritoneal removal of phosphate. Additionally, greater convective removal of phosphate in the anuric group, whose ultrafiltration requirements are higher than in patients who continue to make urine, may have contributed to their greater peritoneal phosphate removal. Yet, the anuric group had higher FGF23 levels in the setting of greater phosphate removal and despite lower dietary phosphorus intake and greater use of phosphate binders. This discrepancy could be explained by a direct stimulatory effect of their more severe hyperphosphatemia or their greater net positive phosphate balance due to longer dialysis vintage. Balance studies are needed to measure differences in phosphate balance between patients with and without residual renal function and their relation to FGF23 and serum phosphate levels. In addition to increased FGF23 production by bone (30) , it has been proposed that accumulation of FGF23 due to decreased renal clearance is an important mechanism of elevated FGF23 levels in patients with chronic kidney disease (31). Our pilot data suggest otherwise. We found that FGF23 clearance by the kidney or peritoneal dialysis is minimal, only 4% to 5% of the corresponding clearances of creatinine. Our findings are in agreement with the one previous report in the literature of simultaneous FGF23 measurements in the blood (110 RU/ml) and urine (87.6 RU/ml) from a healthy volunteer (11) . Assuming a urine volume of 2 L/d, the healthy individual's FGF23 clearance was approximately 1.1 ml/min, which is in a comparably low range that we observed in patients with ESRD (median renal FGF23 clearance, 0.2 ml/min; median total FGF23 clearance, 1.2 ml/min). These data suggest that differences in FGF23 clearance, in its purest definition, contribute negligibly to FGF23 levels in health and in CKD. Alternatively, CKD could contribute to FGF23 "accumulation" through reduced cellular uptake, impaired proteolytic degradation, or aberrant processing of intact FGF23 in renal tubular cells, as has been described for other peptide hormones (32) . Interestingly, a prior report showed that both the intact FGF23 and its C-terminal fragments were detected in the urine of dialysis patients with residual renal function (11) . Additional studies are needed to identify mechanisms of FGF23 degradation and how these are affected by kidney disease.
Strengths of our study include an ethnically diverse population of patients receiving peritoneal dialysis across three academic centers in the United States, quantification of residual renal function and peritoneal and renal phosphate and FGF23 clearance, and availability of 3-month repeated measurements of mineral metabolism markers. However, our study also has limitations. We were not able to study longitudinal changes in residual renal function and their association with FGF23 over longer durations, and our ascertainment of residual renal function relied on renal creatinine clearance, which may have overestimated the values due to tubular secretion of creatinine. Our assessment of dietary intake was limited to use of 4-day food records that provide only an estimate of short-term intake, and we were unable to study the components of phosphate balance antecedent to our evaluation. Finally, we did not take into account peritoneal membrane characteristics that were recently noted to play a role in peritoneal phosphate clearance (33) .
Ideally, a clinically useful biomarker provides prognostic utility for outcomes of interest, is easily and reproducibly measured, and manifests minimal variability diurnally and longitudinally. These appear to be characteristics of FGF23. In addition to associating with outcomes and varying minimally across the day and with relation to meals, we report minimal within-subject variability during 3-month serial measurements of FGF23. Indeed, the variability was higher only in participants with the highest values when 1:100 or greater dilutions were required, which likely introduced significant (human) measurement error more than true biologic scatter. Despite this variation at the high range, FGF23 demonstrated significantly less overall within-subject variation than serum phosphate or PTH, which have known circadian patterns (7, 8, 13) . In support of our findings, a recent report estimated that 26 PTH measurements would be needed to accurately estimate an individual hemodialysis patient's true homeostatic set point for PTH (34) . Although comparable studies are needed in peritoneal dialysis patients, these results suggest that FGF23 is a more stable marker of phosphate metabolism than PTH or phosphate, which could help explain its stronger association with outcomes and support the further development of FGF23 testing for clinical practice. Recurrent Events Trial I: Relation between serum phosphate level and cardiovascular event rate in people with coronary disease. 
